This study illustrates that Plekhm1 is an essential protein for bone resorption, as loss-of-function mutations were found to underlie the osteopetrotic phenotype of the incisors absent rat as well as an intermediate type of human osteopetrosis. Electron and confocal microscopic analysis demonstrated that monocytes from a patient homozygous for the mutation differentiated into osteoclasts normally, but when cultured on dentine discs, the osteoclasts failed to form ruffled borders and showed little evidence of bone resorption. The presence of both RUN and pleckstrin homology domains suggests that Plekhm1 may be linked to small GTPase signaling. We found that Plekhm1 colocalized with Rab7 to late endosomal/lysosomal vesicles in HEK293 and osteoclast-like cells, an effect that was dependent on the prenylation of Rab7. In conclusion, we believe PLEKHM1 to be a novel gene implicated in the development of osteopetrosis, with a putative critical function in vesicular transport in the osteoclast. Nonstandard abbreviations used: EGFP, enhanced GFP; GGTase, geranylgeranyl transferase; ia, incisors absent; PH, pleckstrin homology; PLEKHM1, pleckstrin homology domain-containing family M (with RUN domain) member 1; TRAP, tartrateresistant acid phosphatase; TRITC, tetramethylrhodamine isothiocyanate; VNR, vitronectin receptor.
Introduction
Osteopetrosis is a genetically and clinically heterogeneous bone disorder characterized by a reduction in bone resorption and a generalized net accumulation of skeletal mass. In humans, several subforms are classified according to severity, mode of inheritance, and age of onset (reviewed in ref. 1) . Not all the genetic mutations that lead to human osteopetrosis are known yet. The causative genes identified so far all play a role in acidification of the resorption lacuna, and loss-of-function mutations in these genes severely affect mature osteoclast function. The CA2 gene produces the protons necessary for acidification of the resorption lacuna, the extracellular compartment between the bone tissue and the osteoclast where bone resorption occurs (2) . The α 3 subunit of the H + ATPase, encoded by the TCIRG1 gene, is involved in the transportation of these protons through the ruffled border into the resorption lacuna (3, 4) , while chloride channel 7 (CLC7), encoded by the CLCN7 gene, translocates chloride ions to maintain electroneutrality (5) (6) (7) . Finally, the OSTM1 gene encodes a type I transmembrane protein with E3 ubiquitin ligase activity (8) (9) (10) (11) . The exact function of Ostm1 remains elusive, but a recent report identified the Ostm1 protein as a β subunit of CLC7 and demonstrated that it requires CLC7 to localize to lysosomes (12) .
In animals, mutations affecting both formation and function of osteoclasts have been described (reviewed in ref. 13 ). The osteopetrotic mutations in animals, both spontaneous and induced, are all inherited in an autosomal-recessive manner. Extensive variations in severity, life expectancy, and osteoclast features are observed, and sometimes tissues other than bone are also affected. One of the spontaneous mutations is the incisors absent (ia) rat, first described in 1941 (14) , which exhibits a generalized skeletal sclerosis and delay of tooth eruption. Histologic analysis shows that ia mutants have 2 to 3 times more osteoclasts than do normal littermates and that these cells exhibit an extended clear zone, an actin-rich area that facilitates tight attachment to the extracellular matrix (15) . Furthermore, ia osteoclasts lack ruffled borders but contain numerous small cytoplasmic vesicles. The absence of extracellular tartrate-resistant acid phosphatase (TRAP), concomitant with accumulation of the enzyme in numerous intracellular vesicles, strongly suggests a dysfunction of the secretory pathways (15) . Although a spontaneous partial recovery of the osteopetrotic phenotype is observed 30 to 50 days after birth (16) , the defect is more rapidly reversed by transplantation of hematopoietic stem cells from normal littermates in irradiated ia rats. Osteoclasts with ruffled borders that are indistinguishable from those in normal littermates then appear, and the dense sclerotic skeleton is rapidly remodeled and becomes normal. This indicates that the primary defect is intrinsic to the osteoclast (17) (18) (19) .
Although ia rats have been well studied phenotypically, the underlying genetic defect has remained unknown. In order to elucidate the gene responsible, we previously performed segregation analysis that delineated a 4.7-cM region on rat chromosome 10q32.1 in which the disease-causing gene is located (20) . In the present study, we identified this gene as pleckstrin homology domain-containing family M (with RUN domain) member 1 (PLEKHM1), identified a mutation in this gene as a cause of osteopetrosis in humans, and provided some insight into the function of the Plekhm1 protein in bone resorption.
Results
Refinement of the ia candidate region. After our initial gene localization to a 4.7-cM region on rat chromosome 10q32.1, genetic analysis of extra markers and 50 additional mutant animals (40 F4, 9 F6 , and 1 F8) allowed us to narrow the ia candidate region to 2.2 cM, flanked by the markers D10Rat205 and D10Got137 (data not shown).
Identification of the ia mutation. We performed sequencing analysis of several genes located in this interval on kidney cDNA from normal and ia rats and identified in the latter a homozygous deletion of 1 cytosine in the fourth coding exon of the PLEKHM1 gene. This deletion - located in a stretch of 6 cytosines on cDNA position 1,007-1,012, with position 1 at the start codon - causes a frameshift mutation after codon 337, followed by 5 additional unrelated amino acids and a stop codon, thus yielding a truncated protein ( Figure 1A ). Homozygosity for this deletion was found in all 78 mutant animals.
The PLEKHM1 gene. The PLEKHM1 gene consists of 12 exons with the start codon located in exon 2, has a transcript length of 5,262 bp, and comprises a genomic region of 54.8 kb. It has orthologs in several organisms. Conservation of PLEKHM1 is strong among mammalian species, with mouse and human being 93% and 83% identical, respectively, to rat. The rat amino acid sequence is conserved for 82.3% and 93.5% compared with the human and mouse Plekhm1 proteins, respectively. We found 1 transcribed pseudogene located at a distance of approximately 2 Mb from the PLEKHM1 gene in humans only. However, sequence analysis of the pseudogene cDNA revealed numerous nucleotide substitutions, partial deletion of exon 3 including part of the RUN domain, and deletion of exon 4, which resulted in a translational frameshift and subsequently a premature stop codon. This 261-amino acid translation product of the pseudogene, if stable, probably has no function or an altered function compared with the full-length 1,057-amino acid Plekhm1 translation product.
Expression pattern of Plekhm1. To reveal the expression pattern of the plekhm1 gene, a panel of rat tissue cDNAs was amplified using primers that overlap the entire coding sequence. The rat plekhm1 gene was expressed in all tissues tested (testis, skeletal muscle, lung, liver, spleen, brain, heart, kidney, and bone), and no alternative splice variants were detected (Figure 2A ). We also examined by RT-PCR and sequence analysis the expression of the human PLEKHM1 gene and its transcribed pseudogene in several tissues, including cultures of differentiated osteoclasts, and found that both transcripts were expressed in all tissues examined (data not shown). Western blot analysis demonstrated that the Plekhm1 protein was expressed at relatively low levels in human monocytes. However, expression of Plekhm1 increased during RANKL-induced differentiation of both human M-CSF-dependent monocytes ( Figure 2B ; 2.9-fold increase as assessed by densitometry; n = 4) and RAW 264 macrophagelike cells (data not shown) into osteoclast-like cells. Expression of Plekhm1 in HEK cells was barely detectable, while expression in human osteoblasts was much less than in either human monocytes or osteoclast-like cells (6.1-fold less than in osteoclast-like cells as assessed by densitometry; n = 4). Although the antibody cross-reacted with a number of other proteins, Plekhm1 was identified on the blots by using HEK293 cells transfected with Plekhm1-FLAG as a positive control, which demonstrated that the Plekhm1 protein had a molecular mass of 140 kDa ( Figure 2B ).
Screening for mutations in the human PLEKHM1 gene. Based on the data obtained from the ia rat, we considered PLEKHM1 as a candidate gene for human osteopetrosis and performed mutation analysis of the entire coding sequence of the PLEKHM1 gene in
Figure 1
The Plekhm1 gene and protein. (A) Genomic structure of the rat plekhm1 gene and the ia mutation. The plekhm1 gene consists of 12 exons (boxes) with the start codon located in exon 2. In ia rats, 1 cytosine (located in a stretch of 6 cytosines, underlined) is deleted in exon 5 of the plekhm1 gene. This results in a frameshift mutation followed by 5 divergent amino acids and a stop codon (asterisk). (B) Domain structure of the Plekhm1 protein. The Plekhm1 protein consists of a RUN domain, 2 PH domains, and a cysteine-rich (CYS) domain. The positions of the ia and human mutations are indicated. 43 patients diagnosed with various forms of osteopetrosis. While most were excluded for mutations in the other known osteopetrosis genes, we identified a patient with a homozygous G→A transition at position +1 of the donor splice site of intron 3 ( Figure 3A ). She was diagnosed with an autosomal-recessive intermediate form of the disease. When the patient was 7 years old, an "Erlenmeyer flask" deformity of the distal femora was detected upon radiographic examination ( Figure 3B ). At the age of 14 years, she suffered from pain in the left leg during walking, and a chondrolysis of the left hip was observed. No other clinical symptoms were reported. As Plekhm1 is highly expressed in the kidney, we measured the patient's creatinine clearance and found it to be 130 mg/ml, indicative of normal renal function. Her parents, carriers of the mutation, were related to each other and were clinically normal. The oldest brother was heterozygous for the mutation and was clinically and radiologically normal. The youngest brother was homozygous for the mutation but had not yet developed clinical symptoms. However, radiologic examination at the age of 8 months and again at 2 years did show the presence of dense metaphyseal bands ( Figure 3C ), which have also been reported in a case of decreased bone resorption due to lead poisoning (21) . The mutation was not found in any of the 100 control chromosomes that we examined. To study the effect of the mutation at the RNA level, an RT-PCR assay spanning exons 3-4 was designed, amplifying only the PLEKHM1 gene and not the pseudogene. RT-PCR on total RNA isolated from cultured lymphoblasts resulted in a 382-bp product in an unrelated control, but not in the osteopetrotic patient. In fact, 2 larger products were present ( Figure 3D ). Direct sequencing revealed that the 2 forms contained 95 bp or 262 bp of intron 3 due to the presence of cryptic splice donor sites in intron 3. Both alternative splicing products led to a premature stop codon and a highly truncated gene product (99 amino acids). As expected, RT-PCR on total RNA isolated from the heterozygous carriers resulted in 3 fragments, corresponding to the 1 normal and 2 aberrant transcripts. Western blot analysis demonstrated that the Plekhm1 protein was not present in lysates of osteoclasts generated from PBMCs from the affected patient, in contrast to lysates of osteoclasts generated from monocytes of an unaffected individual ( Figure 3E ).
Figure 2
Defective bone resorption in osteoclasts from the patient with the PLEKHM1 mutation. We generated osteoclasts from the patient and her 2 brothers on dentine discs by culturing PBMCs with M-CSF and RANKL. Osteoclasts formed normally from all 3 siblings, as demonstrated by the appearance of large, multinucleated, vitronectin receptor-positive (VNR-positive) cells. Osteoclasts from the patient and the youngest brother, also homozygous for the PLEKHM1 mutation, adhered to dentine by a ring of punctate, F-actin-rich podosomes, a characteristic feature of mature osteoclasts. However, these podosomes were arranged into peripheral belts ( Figure 4 , A and C) characteristic of nonresorbing osteoclasts and did not mature into the denser, more centrally localized F-actin rings characteristic of actively resorbing osteoclasts (22) seen in the cells from the unaffected older brother, who was heterozygous for the mutation ( Figure 4A ). Accordingly, osteoclasts from the patient and youngest brother showed hardly any
Figure 4
Characterization of the osteoclasts from the family with autosomal-recessive osteopetrosis. Cells were cultured on dentine discs (A-D) or plastic (E and F) in the presence of RANKL for 10 days and then fixed, stained, and analyzed by confocal microscopy (A-D) or conventional microscopy (E and F). (A) Staining of F-actin with FITC-phalloidin (green stain), acidic vesicles with lysotracker (red stain), and osteoclast membrane with anti-VNR antibodies (blue stain). (B) Staining of the dentine surface with FL-ALN (green stain) and F-actin with TRITC-phalloidin (red stain). Dark areas correspond to resorption pits (asterisks). (C) Staining of the dentine surface with FL-ALN and nuclei with Sytox Green (green); F-actin with TRITC-phalloidin (red); osteoclast membrane with anti-VNR antibodies (blue). A-C represent 1-μm xy optical sections; D represents zx reconstructions of osteoclasts in C. Scale bar: 10 μm. (E and F) Staining for TRAP in osteoclasts. Original magnification, ×10 (E) and ×40 (F). evidence of resorptive activity when cultured on dentine discs, whereas osteoclasts from the older brother resorbed large areas of the dentine ( Figure 4B ). In addition, the osteoclasts derived from the patient and the youngest brother were often larger, despite generally having fewer nuclei, and had a more flattened morphology than did the active osteoclasts from the unaffected older brother ( Figure 4 , C and D). Using the acidotropic probe lysotracker, we also found that osteoclasts from the patient and youngest brother generated acidic vesicles, indicating that the formation of these vesicles was not defective ( Figure 4A ). Moreover, TRAP, as detected in vesicular structures by histochemical staining, appeared much more abundant in osteoclasts from the patient and the youngest brother than in those from the older brother ( Figure 4 , E and F).
Scanning EM demonstrated osteoclasts of normal size and resorptive activity in cultures from the oldest brother. In accordance with the confocal microscopy data, osteoclasts from both the patient and the youngest brother were larger and more flattened, and showed little evidence of resorptive activity ( Figure 5A ). Transmission EM demonstrated that the cytoplasm of these nonresorbing osteoclasts contained numerous vacuoles with electrondense material ( Figure 5B ) that were identical in appearance to the vesicles found in the ia rat ( Figure 5C ), which have previously been shown to contain TRAP enzyme by immunoelectron microscopy (15) . These vesicles were rarely seen in resorbing osteoclasts, which instead contained abundant multivesicular bodies, structures previously associated with transcytosis of resorbed material by the cell (S. Nesbitt, unpublished observations).
Functional domains of the Plekhm1 protein. To date, part of the Plekhm1 protein has been described as the AP162 adaptor protein, without indication of a role in bone metabolism (23) . In order to determine its potential function, we first analyzed the rat Plekhm1 protein sequence in silico. Analysis with the Signal P3.0 (24) and TMHMM3.0 programs (25) predicted that the Plekhm1 protein is a nonsecretory protein without signal peptide and does not contain any transmembrane helices. The InterPro database (26) predicted 4 functional domains: a RUN domain, 2 pleckstrin homology (PH) domains, and a cysteine-rich domain ( Figure 1B ). The latter (amino acids 990-1,043 of the Plekhm1 protein) is predicted to be either a RING finger domain involved in the ubiquitination pathway (27) or a protein kinase C-conserved region 1 domain essential for diacylglycerol/phorbol ester binding (28) . RUN domains (amino acids 41-182 of the Plekhm1 protein) encode a globular structure consisting of 6 conserved blocks. They are found in a number of proteins, several of which have been demonstrated to interact with small GTPases (29) (30) (31) (32) (33) (34) . The PH domain (amino acids 537-628 and 686-781 of the Plekhm1 protein) consists of about 100 residues and can be divided into 6 subdomains. PH domains are found in a wide variety of proteins involved in intracellular signaling (including several that interact with small GTPases) or as constituents of the cytoskeleton targeting proteins to the cytosolic face of cellular membranes (35) (36) (37) (38) (39) (40) .
Plekhm1 localizes with Rab7 on late endosomes/lysosomes. To determine the subcellular localization of the Plekhm1 protein, we transfected HEK293 cells with a Plekhm1-enhanced GFP (Plekhm1-EGFP) or Plekhm1-dsRedMonomer (Plekhm1-dsRedM) construct. Plekhm1 showed a diffuse cytoplasmic distribution, but was also partially associated with the membranes of intracellular vesicles that were often abnormally enlarged in transiently transfected cells ( Figure 6A and data not shown). Interestingly, overexpression of some endosomal/lysosomal Rab GTPases, such as Rab5, Rab7, and Rab9, also caused abnormal enlargement of endosomes, likely the result of strong stimulation of intracellular transport (41) (42) (43) , which suggests that Plekhm1 may be a component of Rab-mediated vesicular transport. This possibility is supported by the presence of a RUN domain within Plekhm1, a domain that has been identified in some proteins known to interact with Rab GTPases (29) . We therefore examined whether overexpressed Plekhm1 colocalizes with Rab GTPase proteins, which are localized to specific vesicular compartments within the cell. Rab5 is localized to early endosomes (44), Rab6 to the Golgi apparatus (45) , Rab7 to the late endosomal/lysosomal compartment (46) (47) (48) , and Rab9 to late endosomes (49) . Using overexpression studies, we found that Plekhm1-dsRedM
Figure 5
Electron microscopy of osteoclasts generated from the family with autosomal-recessive osteopetrosis. (A and B) Osteoclasts were formed from all 3 siblings, then fixed and analyzed by scanning EM or transmission EM. (A) Scanning EM images show that the oldest brother produced normal, actively resorbing osteoclasts excavating deep resorption pits (denoted by asterisks), whereas both the patient and the youngest brother formed large, very flat osteoclasts with little evidence of resorption. (B) Transmission EM demonstrated that both the patient and the youngest brother produced osteoclasts containing large numbers of electron-dense granules (black arrows), whereas the resorbing osteoclasts formed from the oldest brother contained many multivesicular bodies (white arrows). (C) The electron-dense vesicles were identical in ultrastructure to those seen in the ia rat, which are known to contain TRAP. Scale bars: 100 μm (A), 1 μm (B), 0.2 μm (C).
showed no colocalization with EGFP-Rab5 or EGFP-Rab6 ( Figure 6 , B and C), partially colocalized with EGFP-Rab9 ( Figure 6E ), and completely colocalized with EGFP-Rab7 ( Figure 6D and Figure 7A ), indicating that the Plekhm1 protein is localized to late endosomes/ lysosomes. Interestingly, coexpression of EGFP-Rab7 and Plekhm1-dsRedM also resulted in a striking recruitment of the Plekhm1 protein to Rab7-positive vesicles and a concomitant complete loss of cytoplasmic Plekhm1-dsRedM ( Figure 6D ), an effect that was not seen with overexpression of EGFP-Rab9 and Plekhm1-dsRedM ( Figure 6E ). In addition, EGFP-Rab7 showed slightly increased association with vesicles and reduced cytosolic localization in cells that also expressed Plekhm1 ( Figure 6D ). Identical results were found with a Plekhm1-FLAG construct (data not shown), demonstrating that the dsRedM tag did not influence the localization of Plekhm1.
To determine the localization of the mutated Plekhm1 proteins, we transfected HEK293 cells with truncated human or rat Plekhm1-dsRedM constructs corresponding to the mutations found in the osteopetrotic patient and the ia rat. Both mutant Plekhm1 proteins showed a diffuse cytoplasmic distribution and did not colocalize with Rab7 to the endosomal vesicles ( Figure 6 , F and G).
Because association of Rabs with cell membranes is dependent on posttranslational geranylgeranylation at the C terminus by Rab geranylgeranyl transferase (GGTase; ref. 50), we studied the subcellular distribution of Plekhm1-dsRedM and EGFP-Rab7 in HEK293 cells following treatment with the specific Rab GGTase inhibitor 3-PEHPC (51) . No apparent alteration of the lysosomal compartment in HEK293 cells was observed after treatment with 3-PEHPC, as indicated by staining with the acidotropic dye lysotracker ( Figure 7C ). However, treatment with 3-PEHPC completely disrupted the endosomal localization of not only EGFP-Rab7, but also Plekhm1-dsRedM, which both became diffusely distributed throughout the cytosol (Figure 7, A and B) . These results further indicate that the localization of Plekhm1 to late endosomes/lysosomes is dependent on Rab7.
We also coexpressed Plekhm1-dsRedM with dominant-negative or constitutively active EGFP-Rab7 mutants (the subcellular distributions of which have been described previously; refs. 41, 52) and analyzed the subcellular localization of the Plekhm1 protein. When the GTP-bound form of Rab7 (EGFP-Rab7-Q67L) and Plekhm1 were coexpressed in HEK293 cells, Plekhm1 was largely colocalized with Rab7-Q67L on vesicular structures ( Figure 7D ), similar to the results with wild-type Rab7. However, coexpression of the GDPbound form of Rab7 (EGFP-Rab7-T22N) and Plekhm1 resulted in a mainly cytosolic, diffuse distribution of both Rab7-T22N and Plekhm1 ( Figure 7E ). These data are consistent with a role for Rab7 in the localization of Plekhm1 to late endosomes/lysosomes.
To confirm this localization of Plekhm1 in osteoclast-like cells, we transfected M-CSF-dependent macrophages derived from peripheral blood that had been stimulated to differentiate into osteoclasts by treatment with RANKL for 2 days. These cells were incubated in the presence of RANKL for a further 24 hours after transfection, resulting in cultures containing a proportion of VNR-positive mononuclear and multinucleated cells. Similar to the results in HEK cells, both EGFP-Rab7 and Plekhm1-EGFP localized to a vesicular compartment in VNR-positive cells ( Figure 8D ), which were often enlarged
Figure 6
Subcellular localization of Plekhm1 in HEK 293 cells. HEK293 cells were transfected with plasmids, then fixed 24 hours later and analyzed by confocal microscopy. (A) Both Plekhm1-EGFP and Plekhm1-dsRedM displayed a diffuse cytoplasmic distribution, but were also clearly associated with intracellular vesicles, which frequently became abnormally enlarged. (B-E) HEK293 cells were cotransfected with Plekhm1-dsRedM and EGFP-Rab5 (B), EGFP-Rab6 (C), EGFP-Rab7 (D), or EGFP-Rab9 (E). Plekhm1 did not colocalize with either Rab5 or Rab6, but partially colocalized with Rab9 and completely colocalized to intracellular vesicles with Rab7. Interestingly, Plekhm1 showed more pronounced localization to these Rab7-positive vesicles when cotransfected with EGFP-Rab7. (F and G) HEK293 cells were transfected with EGFP-Rab7 and Plekhm1-dsRedM mutants corresponding to the mutations found in the osteopetrotic patient (hplekhm1; F) and the ia rat (rplekhm1; G). Neither mutant form of Plekhm1 colocalized with Rab7. Panels represent 1-μm xy optical sections. Scale bars: 10 μm.
( Figure 8 ), and the 2 proteins colocalized to these vesicles in cotransfected cells ( Figure 8E ). The late endosomal/lysosomal nature of the Plekhm1-positive vesicles in these cells was confirmed using markers of the endocytic pathway, as most of the Plekhm1-expressing vesicles accumulated the acidotropic dye lysotracker, which accumulates in acidic vesicles of the endocytic pathway ( Figure 8A) , and endocytosed dextran, which had been pulse-chased and should therefore be in a late endosomal compartment ( Figure 8B ). By contrast, Plekhm1-positive vesicles did not accumulate endocytosed transferrin, a marker of recycling endosomes ( Figure 8C ). Interestingly, there was consistently less cytosolic Plekhm1 in prefusion osteoclasts than in HEK293 cells when the cells were transfected with Plekhm1-EGFP alone. Unfortunately, although continued culture with RANKL enabled the formation of resorbing osteoclasts expressing EGFP alone (i.e., empty vector), expression of Plekhm1-EGFP caused cell death within 48 hours of transfection, precluding determination of the localization of Plekhm1 in multinucleated, resorbing osteoclasts.
Discussion
Bone resorption is an essential process for growing bone tissue, adaptating to exercise, and maintaining a healthy skeleton throughout life and is carried out by a highly specialized cell type, the osteoclast (53) . Defects in the resorptive capacity of osteoclasts lead to osteopetrosis, an inherited disease manifested clinically by a generalized increase in bone mass and, in severe cases, accompanied by secondary bone marrow deficiency and neurologic problems due to cranial nerve compression (13) . There is a wide range of clinical phenotypes in osteopetrosis, and it is becoming clear that these are associated with different genetic defects. It has long been recognized in studies of spontaneous animal models of osteopetrosis that the disease is heterogeneous, and it is now known that genetic mutations in any of the steps leading to osteoclast formation or activation of the resorption process can cause osteopetrosis (13) . By contrast, the molecular mechanisms identified to play a role in human osteopetroses are so far completely restricted to alterations in osteoclast function (1) . The 4 causative genes currently identified are all involved in the process of acidification of the extracellular compartment between the bone surface and the osteoclast. In these cases there is no deficiency in osteoclast formation, with normal or even increased numbers of osteoclasts present on the bone surface. In the case of recessive TCIRG1 and CLCN7 loss-of-function mutations, osteoclasts fail to polarize properly and, although rudimentary clear zones may be found, there is generally no sign of ruffled border formation, nor of extracellular matrix degradation (3, 5) , indicating that loss of function of these genes completely abrogates the secretion of acid and proteolytic enzymes. In this report, we demonstrate for the first time to our knowledge that loss-of-function mutations in the PLEKHM1 gene underlie mild osteopetrosis in the ia rat as well as an intermediate form of human osteopetrosis. Moreover, we believe this to be the first indication of a function for Plekhm1 and highlights its crucial role in bone metabolism.
The expression of Plekhm1 protein is increased during RANKLinduced differentiation of osteoclasts and is much higher than in other cell types such as osteoblasts. Together with the fact that loss of function results in osteopetrosis, this indicates that the PLEKHM1 gene product is particularly important for osteoclast function, as is the case for other human osteopetrosis-causing genes. Microscopy analysis showed that osteoclasts from the osteopetrotic patient differentiated normally from PBMCs and attached to the surface of dentine by peripheral belts of podosomes. However, osteoclasts from the osteopetrotic patient - unlike those from her brother, who was heterozygous for the PLEKHM1 mutation - showed hardly any evidence of resorptive activity when cultured on dentine discs. These findings indicate that the Plekhm1 protein is not involved in the differentiation, attachment, or initial actin organization of osteoclasts, but rather in a later step of the bone resorption process. Although the formation of lysosomal vesicles was normal, the ruffled border was absent or underdeveloped in the patient-derived osteoclasts. The in vitro osteoclast phenotype we observed was very similar to that seen with other osteopetrotic mutations (54, 55) . An interesting feature of osteoclasts from the patient with the PLEKHM1 mutation was an increased accumulation of the enzyme TRAP (which is highly expressed in osteoclasts), an effect also seen in the ia rat (15) . Moreover, transmission EM of the osteoclasts from the 2 siblings homozygous for the PLEKHM1 mutation demonstrated the presence of electron-dense vesicles that were identical to those seen in the ia rat, which have previously been shown to contain TRAP (15) . These vesicles were not seen in actively resorbing osteoclasts from the heterozygous brother, which instead contained many multivesicular bodies near the ruffled border. Such bodies were much less abundant in osteoclasts from the 2 homozygous siblings, suggesting that the multivesicular bodies contain material taken up from the resorption lacuna, whereas the dense granules contain TRAP and could be secretory vesicles. Unfortunately, we did not have a bone biopsy or sufficient patientderived cultured osteoclasts to confirm expression of TRAP in these vesicles by immunoelectron microscopy, a technique that requires different fixation and embedding of tissue than the one used for routine transmission EM. Optimization of currently available anti-TRAP antibodies for such studies in human osteoclasts is underway. However, our findings suggest that the absence of Plekhm1 disrupts processes involved in the transport and/or fusion of late endosomal vesicles and consequently disrupts the formation of the ruffled border, which in turn impacts the endocytosis that normally occurs from this membrane domain (56) . It is also possible that a defect in the maturation or trafficking of late endosomes prolongs their lifespan, allowing accumulation of their contents.
The exact function of Plekhm1 is unknown. Part of Plekhm1 has previously been described as the AP162 protein, which was suggested to function as an intracellular adaptor modulating apoptotic signals in colon tissue (23) . However, the recombinant AP162 protein in the previously reported experiments lacks 130 amino acids at the N-terminal end of the Plekhm1 protein, indicating that full-length Plekhm1 has not been studied before. The putative role of the Plekhm1 protein in intracellular vesicular transport is supported by the presence of a RUN domain and 2 PH domains, which are found in proteins involved in intracellular signaling pathways of Ras-like small GTPases (29, 39, 40) . In particular, the RUN domain has been identified in proteins that interact with small GTPases of the Rab family, which are master regulators of vesicular transport. These proteins include Iporin, a ubiquitously
Figure 8
Plekhm1 colocalizes to late endosomes/lysosomes with Rab7 in prefusion osteoclasts. (A-D) Prefusion human osteoclasts were transfected with Plekhm1-EGFP or EGFP-Rab7 and then analyzed 24 hours later by confocal microscopy. We also labeled acidic vesicles with lysotracker red (A), late endosomes/lysosomes with TRITC-dextran (B), and recycling endosomes with Alexa Fluor 633-transferrin (C) prior to fixation. Plekhm1 was associated mainly with intracellular vesicles that accumulated lysotracker and endocytosed dextran (A and B,  arrows) but not transferrin, indicating that plekhm1 is localized to late endosomes/lysosomes. (D) Osteoclast-like cells were counterstained with an antibody to the VNR (red stain) and the nuclei stained with TO-PRO-3 iodide (blue stain). Both EGFP-Rab7 and Plekhm1-EGFP were localized to intracellular vesicles in VNR-positive osteoclasts. (E) Prefusion osteoclast cells were cotransfected with Plekhm1-dsRedM and EGFP-Rab7, then stained with an anti-VNR antibody. Plekhm1 and Rab7 almost completely colocalize on intracellular vesicles in VNR-positive prefusion osteoclast cells. Panels represent 1-μm xy optical sections. Scale bars: 5 μm.
expressed protein that interacts with Rab1b (30), and Rabip4, a Rab4 effector that is associated with early endosomes (34) . Rab GTPases are known to play a critical role in the regulation of osteoclast activity (57); in particular, Rab3D and Rab7 have been shown to be essential for osteoclastic resorption (58, 59) .
We found further evidence for a role of the Plekhm1 protein in vesicular transport using overexpression studies in HEK293 cells, which demonstrated that Plekhm1 was partially associated with intracellular vesicles. These vesicles were identified as late endosomes or lysosomes, since Plekhm1 colocalizes with the late endosomal/lysosomal Rab7 and Rab9, but not with the early endosome-associated Rab5 or the Golgi-localized Rab6. Moreover, coexpression of Plekhm1 and Rab7 resulted in a striking redistribution of Plekhm1 to the Rab7-positive vesicles and a concomitant loss of the diffuse, cytoplasmic Plekhm1. This recruitment of Plekhm1 to late endosomes/lysosomes in cells expressing or overexpressing Rab7 is likely the result of an interaction between these proteins rather than changes in the nature of the compartment, since overexpression of another late endosomal/lysosomal Rab GTPase, Rab9, did not alter the distribution of Plekhm1, despite the fact that these proteins showed some colocalization. Importantly, we found that Plekhm1 also localized to late endosomes/ lysosomes in prefusion osteoclasts, since it localized to acidic vesicles to which endocytosed dextran, but not transferrin (a marker of recycling endosomes), was transported. Moreover, Plekhm1 colocalized with Rab7 in VNR-positive prefusion osteoclasts, again suggesting an interaction between these 2 proteins. Interestingly, when transfected alone Plekhm1 showed a much more striking vesicular (and therefore less cytoplasmic) localization in these cells than in HEK293 cells, possibly because higher endogenous levels of Rab7 in prefusion osteoclasts enables greater association with late endosomes/lysosomes.
The correct localization of Rab GTPases to specific subcellular membranes is dependent on posttranslational prenylation, which involves the attachment of geranylgeranyl isoprenoid groups to 1 or, more commonly, 2 C-terminal cysteine residues by the enzyme Rab GGTase (50, 60, 61) . Rab prenylation can be blocked selectively using the specific Rab GGTase inhibitor 3-PEHPC, thereby preventing the membrane localization of Rab proteins (62) . Inhibition of Rab prenylation with 3-PEHPC disrupted the vesicular localization of both Rab7 and Plekhm1 without affecting the distribution of acidic vesicles, indicating that Plekhm1 requires Rab prenylation for its late endosomal/lysosomal localization and therefore most likely interacts with Rab7 on these vesicles. Finally, we studied the distribution of Plekhm1 when coexpressed with GTPase-deficient (active) or dominant-negative mutants of Rab7, which are predominantly associated with vesicular structures (similar to wild-type Rab7) or localized in the cytosol, respectively (41) . Whereas Plekhm1 colocalized with GTPase-deficient Rab7 on intracellular vesicles, coexpression of the dominant-negative Rab7 mutant and Plekhm1 resulted in loss of the endosomal localization of both Rab7 and Plekhm1, offering further evidence that Plekhm1 interacts with Rab7 and is recruited to late endosomes/ lysosomes by prenylated, GTP-bound Rab7.
Recruitment to late endosomes/lysosomes is a characteristic that Plekhm1 shares with other proteins that have been identified as Rab7 effectors, such as Rab-interacting lysosomal protein (RILP) and Rabring7 (63, 64) . However, these Rab7-interacting proteins also cause perinuclear clustering of the Rab7-positive vesicles (implicating them in transport of these vesicles), an effect that we did not see in Plekhm1-overexpressing cells. Since Plekhm1 overexpression caused enlargement of these endosomes, it is possible that it is involved in Rab7-mediated fusion of these vesicles rather than their transport.
It has previously been shown that Rab7 is necessary for osteoclast function, since blocking Rab7 expression in osteoclasts using antisense oligodeoxynucleotides disrupted actin ring formation and targeting of vesicles to the ruffled border and furthermore inhibited bone resorption in vitro (59) . These effects may be mediated by altered activity of Rac1, which has recently been suggested to be a direct effector of Rab7 in osteoclasts (65) . Interestingly, the defective ruffled border and extended clear zone that is seen in osteoclasts lacking Rab7 (59) are also characteristic features of osteoclasts in the ia rat (15) , offering further evidence that Rab7 and Plekhm1 are involved in the same vesicular transport processes in osteoclasts. However, although the osteoclasts generated from the patient with the PLEKHM1 mutation clearly had a defective ruffled border, we could not discern any extension of the clear zone.
Although the exact role of Plekhm1 in bone resorption will require further investigation, our data strongly implicate Plekhm1 as a component of Rab7-regulated late endosomal trafficking in osteoclasts. Determining the exact function of the Plekhm1 protein may reveal new therapeutic approaches to osteopetrosis, osteoporosis, and other osteoclast diseases. Although there was no evidence of clinical symptoms other than osteopetrosis in the patient lacking Plekhm1 protein, it remains to be determined whether Plekhm1 plays a role in vesicular transport in other cell types.
Methods
Animals. Mutant ia rats were obtained from inbred colonies maintained at the University of Massachusetts Medical School under specific pathogenfree conditions. Radiography within 3 days of birth was used to identify homozygous mutant ia animals by the failure to develop marrow cavities in the long bones. All procedures were in accordance with the NIH Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee of the University of Massachusetts Medical School. Outbreeding of animals of the ia stock was performed as described previously (20) .
Analysis of genetic markers. Genomic DNA was isolated from tail biopsies of F2, F4, F6, or F8 mutants and used to refine the ia candidate region. Markers were selected from the Ensembl rat genome browser (http:// www.ensembl.org/Rattus_norvegicus/) and analyzed by PCR using fluorescently labeled primers, and the fragments were separated on an ABI 3100 genetic analyzer (Applied Biosystems).
RNA isolation and RT-PCR. Total RNA was isolated using TRIzol reagent (Invitrogen). cDNA synthesis was performed, starting from 5 μg total RNA primed with oligo(dT) using the SuperScript III first-strand synthesis system (Invitrogen).
Sequence analysis. The Big Dye Terminator v1.1 Cycle Sequencing Kit was used, and the PCR fragments were analyzed on an ABI 3100 genetic analyzer (both from Applied Biosystems).
Expression analysis. Expression of the rat Plekhm1 gene and the existence of alternative splice variants were analyzed with a rat Multiple Tissue cDNA panel (Clontech). PCR primers were developed to amplify the complete coding sequence of the rat Plekhm1 gene. Detection of the Plekhm1 protein was carried out by Western blotting. Anti-Plekhm1 antibodies were raised in rabbits against 2 peptides (PTSPKGKSWISEDDFC, amino acids 431-445; and LQKVRPQQEEEWVNIC, amino acids 627-640) of the rat Plekhm1 protein using a standard immunization protocol (Eurogentec). Lysates were prepared from the following: (a) human osteoblasts isolated and cultured from the femoral head of osteoporotic patients receiving a hip replacement; (b) human osteoclasts generated from peripheral blood of healthy volunteers treated for different time periods with RANKL; and (c) osteoclasts generated from the osteopetrotic patient. As a positive control, HEK293 cells were transfected with the Plekhm1-FLAG construct and incubated for 24 hours prior to lysis. Cell lysates (50 μg) were separated by electrophoresis on 10% criterion gels (Bio-Rad), transferred to PVDF membrane, and then blotted using 1:1,000 dilution of the Plekhm1 antibody. Bands were visualized as described previously (51) , and densitometry was performed from 4 separate Western blots using Quantity-One software (version 4.5.1; Bio-Rad). Since cross-reactivity with other proteins was found on Western blot analysis, this antibody was not used for immunohistochemistry or immunofluorescence analysis. This study was approved by the ethical committee of the University of Antwerp. Subjects gave informed consent for the study.
Generation of osteoclasts from human PBMCs. Human osteoclasts were generated as previously described (66) . After a total of 15 days' incubation, cells were fixed in either 4% paraformaldehyde in 0.1 M phosphate buffer (for light microscopy) or in glutaraldehyde (for EM). In some cases, acidic vesicles were stained by incubation with the fixable acidotropic probe Lysotracker Red DND-99 (0.5 μM; Invitrogen) in fresh medium for 30 minutes prior to fixation.
Immunostaining. The fixed osteoclasts were permeabilized with 0.2% Triton X-100 then incubated with 10% FCS in PBS to block nonspecific binding. Cells were then incubated with primary antibody against the VNR (23C6; courtesy of M. Horton, University College London, London, United Kingdom) for 1 hour at room temperature. After washing 4 times with PBS, the cells were incubated with Alexa Fluor 633-conjugated antimouse IgG (Invitrogen) in 5% FCS/PBS for 1 hour at room temperature. F-actin rings were visualized by staining with 0.5 μg/ml tetramethylrhodamine isothiocyanate-labeled (TRITC-labeled) or FITC-labeled phalloidin (Sigma-Aldrich), and the nuclei were stained with 0.5 μg/ml Sytox Green (Invitrogen). The dentine surface was visualized by labeling with a fluorescent bisphosphonate derivative, FL-ALN (20 μM) (67) . Cells were analyzed by confocal microscopy using a Zeiss LSM 510 confocal microscope equipped with argon (excitation, 488 nm) and helium-neon (excitation, 543 and 633 nm) lasers. Osteoclasts were also stained for TRAP using naphthol-ASBI phosphate substrate as described previously (68) and analyzed by light microscopy using a Zeiss Axiovert microscope equipped with an Optronics charge-coupled device camera (model DEI-750).
EM. Transmission EM was performed as previously described (51) . For scanning EM, osteoclast cultures were fixed in 2% glutaraldehyde in 0.1 M sodium cacodylate plus 0.1 M sucrose for 24 hours at 4°C. Specimens were washed twice in the same buffer and then submerged in a filtered solution of 1% tannic acid in 0.15 M cacodylate for 1 hour. After 3 short washes in 0.1 M buffer, the samples were postfixed in 0.5% osmium tetroxide in 0.1 M cacodylate buffer, and after another 3 short washes in buffer, they were dehydrated through graded ethanols, finishing with 3 changes of 100% ethanol. Slices were then placed in hexamethyldisilasane for 3 minutes before being moved to a desiccator for 25 minutes to avoid water contamination. Specimens were coated with gold before being examined in a Jeol 35S scanning electron microscope at 10 kV. Images were taken using SemAfore software (version 5.01; Jeol). This preparation procedure provided better results (especially less shrinkage) than routine fixation and dehydration with critical point drying.
DNA constructs. Human PLEKHM1 cDNA was amplified by PCR, starting from the IMAGE cDNA clone 5535600 (RZPD) and subcloned in the pEGFP-N1, pdsRedMonomer-N1 vector (Clontech) and FLAG-pcDNA3 vector. The mutant rat and human Plekhm1-dsRedM constructs consisted of 1,026 and 297 nucleotides, respectively. The EGFP-Rab5, -Rab6, and -Rab7 constructs were kindly provided by M. Seabra (Imperial Col-lege London, London, United Kingdom). Rab9-EGFP was provided by M. Fukuda (RIKEN, Saitama, Japan). The EGFP-Rab7-Q67L and -Rab7-T22N constructs were kindly provided by B. van Deurs (University of Copenhagen, Copenhagen, Denmark).
Transfection of HEK293 cells. HEK293 cells were grown in DMEM supplemented with 10% FCS and seeded onto 13-mm glass coverslips in 24-well plates at 1 × 10 5 cells/well. Cells were transfected with 200 ng of purified plasmid using FuGENE 6 transfection reagent (Roche). In the case of dual transfections, 100 ng of each plasmid was used. In some cases, cells were also incubated with 1 mM 3-PEHPC, a specific Rab GGTase inhibitor (51, 62) . Cells were incubated for 24 hours, and in some cases acidic vesicles were labeled using lysotracker as described above, prior to fixation in 4% formaldehyde. Cells were examined by confocal microscopy after mounting the coverslips onto glass slides.
Transfection of prefusion osteoclasts. M-CSF-dependent macrophages were generated from healthy volunteers and transfected as previously described (69) . Briefly, cultures of M-CSF-dependent macrophages were stimulated with 100 ng/ml recombinant human RANKL (rhRANKL; PeproTech) for 2 days prior to transfection. Cells were then detached by scraping after incubation in 1 mg/ml trypsin for 15 minutes, and 1 × 10 6 cells were electroporated with 2 μg endotoxin-free DNA (EGFP-Rab7, Plekhm1-EGFP, or Plekhm1-dsRedM) in Macrophage Nucleofector Solution (Amaxa Biosystems) using an Amaxa Nucleofector II according to the manufacturer's instructions. Cells were diluted in α-MEM (supplemented with 20% FCS, 100 U/ml penicillin, 0.1 mg/ml streptomycin, 2 mM l-glutamine, 20 ng/ml rhMCSF, and 100 ng/ml rhRANKL) and seeded onto 9-mm glass coverslips in 48-well plates (1 × 10 5 cells/well). Twenty-four hours later, cells were fixed in 4% formaldehyde. In some cases, acidic vesicles were labeled using lysotracker as described above, and recycling endosomes were labeled by incubating cells with 20 μg/ml Alexa Fluor 633-transferrin conjugate for 30 minutes in fresh medium prior to fixation. Labeling of late endosomes/lysosomes was carried out by pulsechase studies with dextran, in which cells were incubated for 30 minutes with 0.25 mg/ml lysine-fixable TRITC-dextran (10 kDa), then washed and incubated in fresh medium for a further 30 minutes prior to fixation. Osteoclast-like cells were counterstained by incubation with the specific anti-VNR antibody 23C6 described above in PBS with 5% FCS for 1 hour, followed by incubation with 1:200 anti-mouse IgG (conjugated to Alexa Fluor 633 or Alexa Fluor 594) for 1 hour. Nuclei were visualized by staining with 0.5 μM TO-PRO-3 iodide (Invitrogen) for 10 minutes. Coverslips were mounted onto glass slides and analyzed by confocal microscopy as described above.
